The research is focused on the prospective representative of the family of biodegradable polymerspolyhydroxyalkanoates (PHAs), the copolymer poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB). Difficulties with producing this type of PHA are associated with the fact that the precursor for the 4-hydroxybutyrate (4HB) monomers synthesis, the γ-butyrolactone, is toxic for the bacteria producers and reduces the total biomass production and the polymer yield when it is added to the medium. Having used the natural strains of hydrogen-oxidizing bacteria Ralstonia
A very promising but insufficiently studied PHA is the poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) copolymer.
PHAs of this type are biodegraded in vivo and
in the environment at high rates and exhibit better elongation at break and higher tensile strength than most of the well-known polymers of this class (Martin, Williams, 2003; Freier, 2006; Chanprateep, 2010) . The ability of such microorganisms as Cupriavidus necator (previously known as Wautersia eutropha, Ralstonia eutropha, Alcaligenes eutrophus) (Nakamura et al., 1992) , Alcaligenes latus (Hiramitsu et al., 1993) , Comamonas testosteronii (Renner et al., 1996) , Comamonas acidovorans (Saito, Doi, 1994) , Hydrogenophaga pseudoflava (Choi et al., 1999) , Chromobacterim sp (Kimura et al., 1999) , Rhodococcus rubber (Haywood et al., 1991) , Delftia acidovorans (Hsieh et al., 2009) to synthesize PHAs of this type when grown on the media containing 4-hydroxybutyric acid, γ-butyrolactone or 1,4-butanediol as carbon substrate was reported in a number of studies in the 1990s. The inhibiting effect of these substrates, however, reduces both total biomass production and copolymer yields.
In recent years, this representative of PHAs has received much attention. Recombinant
Escherichia coli, Aeromonas hydrophila,
Pseudomonas putida, Ralstonia eutropha H16 (Zhang et al., 2009; Li et al., 2010) and wild-type strains Cupriavidus sp. USMAA1020 , R. eutropha A-04 (Chanprateep et al., 2008) , Cupriavidus sp. USMAA2-4 (Ramachandran et al., 2011) , R.eutropha KCTC 2662 (Park et al., 2011) have been described as novel producers of P(3HB-co-4HB).
The objective of this study was to research the conditions of the poly(3HB/4HB) synthesis by natural strains of hydrogen-oxidizing bacteria and determined the effect of the composition on the properties of the copolymer and the resulted products.
Materials and Methods
Two strains of hydrogen-oxidizing bacteria -Ralstonia eutropha В5786 (Stasishina, Volova, 1992) and Cupriavidus eutrophus В10646 (registered in the Russian Collection of Industrial Microorganisms (VKPM)) were batch cultured in 1.0-L glass flasks, which were 50 % filled with the culture, under strict aseptic conditions, on a "New Brunswick" temperaturecontrolled shaker (USA); the cultures were grown on Schlegel mineral salt medium. Autotrophic cultures were grown on the (СО 2 , Н 2, О 2 ) gas mixture as carbon and energy source. Air was evacuated from the flasks with a compressor, and the gas mixture was supplied from a gasholder, via airtight hoses. The proportions of CO 2 , O 2 and H 2 in the gas mixture were 1:2:7 (v/v). Heterotrophic cultures were grown on fructose or butyric acid. Cells were cultured in two phases -in nitrogen-limited medium in the first and nitrogen-free one in the second, at pH 7.0 and temperature 30 °C, in accordance with our previously developed procedure . Synthesis of monomers 4-hydroxybutyrate (4HB) was induced by the addition of γ-butyrolactone (Fluka). The culture was added with γ-butyrolactone with varied frequency and in varied amounts. The duration of the cultivation depended on carbon nutrition conditions and varied from 72 h to 96 h.
Biomass yield was determined from dry mass and optical parameters of the culture.
Polymer content and PHA composition was determined with a gas chromatograph-mass spectrometer (GC/MS, model GCD Plus, Hewlett
Packard, USA) Percentages of the monomers in (P(3HB-co-4HB) were quantified based on mass spectra, and more accurate quantification was attained by taking 1 H-NMR spectra of copolymer solutions in CDCl 3 using an Avance III 600 NMR spectrometer (Bruker, Germany).
Current concentrations of salts of alkanoic acids and γ-butyrolactone in the culture were analyzed using gas chromatography. Fructose concentration in the medium was measured using the resorcinol method (Ermakov et al., 1972) .
X-ray structure analysis and determination of crystallinity of PHA samples were performed using a D8 Advance X-ray spectrometer (Bruker, Chloroform was used as eluent, with the flow rate 0.8 ml/min. The system was calibrated using low polydispersity polysterene standards supplied by Sigma (USA).
The number-average molecular weight of the PHA was determined as
where N i is the number of molecules of mass I; N is the total number of molecules; M i is the mass of molecules of length I.
The weight average molecular weight of the PHA was determined as
where w i is the portion of the mass (
Polydispersity, which provides an estimate of the proportions of fragments with different polymerization abilities in the polymer, was calculated from the formula
Experiments were done in three replicates.
The results were analyzed statistically by conventional methods, using the standard software package of Microsoft Excel.
Results
In the autotrophic culture of R. eutropha B5786 grown in flasks on a shaker under nitrogen deficiency, using single-carbon substrate (CO 2 ), the biomass yield and the polymer content after 72-h fermentation amounted to 6.1 g/L and 65.4 % of dry cell weight (DCW), respectively ( Table 1 Polymer synthesized under these conditions contained three monomers: 3HB as a major component, 4HB, and minor amounts of 3HV.
Monomer 4HB was detected in all samples, with the highest percentage amounting to 6.3 mol % (Table 1) .
To reduce the toxic effect of γ-butyrolactone on the culture, it was added in several portions.
By varying the size of the dose of γ-butyrolactone added to the culture and the duration of the subsequent cultivation, we managed to increase the total yield of bacterial cells and the polymer yield. When the γ-butyrolactone dose (6 g/L)
was divided into two portions, the polymer yield reached 55.7 % of DCW and the total culture productivity was not decreased, but the 4HB fraction did not grow, amounting to not more than 6 mol %. When the dose of γ-butyrolactone of 9.0 g/L was divided into three portions (3 g/L each) and added every 8 h, the polymer yield was 50.3 % of DCW, the total biomass yield 4.0 g/L, and the 4HB fraction did not rise above 6 mol % (Table 1 ).
In the culture of R. eutropha B5786 grown heterotrophically, with fructose as the main substrate, the inhibitory effect of γ-butyrolactone was less pronounced (Table 1) (Table 1) .
Thus, by varying the conditions of carbon nutrition, including the main carbon substrate and its concentration, and the mode of feeding the supplementary substrate (γ-butyrolactone) into the culture, we managed to maximize the yields of the polymer and total biomass of R. eutropha B5786 however the content of 4HB in copolymer was low. The properties of the set of synthesized and highly purified samples of P(3HB-co-4HB)
were studied using modern physical methods.
Using the gel permeation chromatography, the molecular mass of the set of the synthesized samples of copolymers P(3HB-co-4HB) was determined ( Table 2) substrates. Thus, Li with co-authors (2010) When the strain Cupriavidus sp. USMAA1020
was grown on γ-butyrolactone, 4-hydroxybutyric acid and 1,4-butanediol, the best substrate for growth and synthesis of the polymer (4.96 g/L and 58.7 % of DCW, correspondingly) for this strain was 1,4-butanediol with 32 mol % of 4HB . Higher values of 4HB in the copolymer (over 80 mol %) were obtained using the mixture of 1,4-butanediol and γ-butyrolactone, nevertheless, the biomass and the polymer content reduced therefore to 1.9 g/L and 16 % of the dry weight (Vigneswari et al., 2010) . The copolymer with the same high content of 4HB was produced during the cultivation of another strain of bacteria Wautersia eutropha H16 in the medium which besides 4-hydroxybutyric acid also contained amino acids L-alanine and L-threonine, however, the biomass yield was significantly higher, about 12 g/L, but the content of the polymer did not exceed 42 % of DCW (Kimura et al., 2008) .
Moreover, Nakamura and co-authors (1992) proved the possibility to produce homopolymer P(4HB), but the content of homopolymer did not exceed 2 %. To reduce the cost of the polymer the research on using cheaper carbon sources for the copolymer P(3HB-co-4HB) synthesis have been carried out, including oleic acid and saturated fatty acids with even amount of carbon atoms (С12-С18) (Rahayu et al., 2008; Ramachandran et al., 2011) , alkanediols (Vigneswari et al., 2009 ), worked out palm oil (Rao et al., 2010) , soy bean oil (Park, Kim, 2011) , nevertheless, no significant yields of the copolymer P(3HB-co-4HB) on these substrates have been obtained.
Thus, using the recently produced, new natural strains and recombinant producers the possibility of synthesizing the copolymer P(3HB-co-4HB) with different yields (from 2 % to 70 % of DCW) of the copolymer with the content of 4HB up to 100 mol % at various yields of the biomass yield (from 2 to 12 g/L) has been determined.
In this work the results of studying the synthesis of the copolymer P(3HB-co-4HB) by two natural strains of hydrogen-oxidizing bacteria are presented. The analysis of the capability of the strain R. eutropha B5786 characterized by the high yields of poly(3-hydroxybutyrate) (up to 90 % of DCW) at different substrates including the synthesis-gas (Volova, Voinov, 2004) and the copolymers poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (Volova et al., 2007) and 3-and 4-component PHA formed by the monomers С4, С5, С6, С7 (Volova et al., 2006) has shown that content of the monomer in the copolymer did not exceed 4 mol %, the maximum biomass production and copolymer content amounted for 6 g/l and 60 % of DCW, correspondingly, due to the pronounced inhibiting effect of γ-butyrolactone on this strain. Attempts to change the dosage mode of γ-butyrolactone (fractional adding) allowed to increase the total biomass and the copolymer production, unfortunately, the content of 4HB did not exceed 6 mol % as in autotrophic, so in heterotrophic conditions.
As shown in the presented work, for the strain R. eutropha B5786 with concentration of γ-butyrolactone exceeding 6 g/L in the culture, the decrease of the yield and copolymer production is observed due to the inhibiting effect. Another Amirul et al. (2008) during the cultivation of the strain Cupriavidus sp. USMAA1020 and Chanprateep et al. (2008) during the cultivation of the strain R. eutropha
A-04.
The samples synthesized in the experimental amounts with the different ratio of monomers 3HB
and 4HB purified to the homogeneous condition allowed to study their properties: molecular mass, degree of crystallinity and temperature characteristics. At the same time no relation between the 4HB content and the copolymer's molecular mass has been determined. This confirms the previous results that there is no correlation between the composition of PHA and the molecular mass (Volova, Kalacheva, 2005) .
The absence of correlation between the molecular weight of the polymer and the 4HB content has been also demonstrated for Comamonas acidovorans (Mitomo et al., 2001 ). Nevertheless, Vigneswari et al. (2009) has demonstrated the inverse dependence between the 4HB content and the molecular mass for Cupriavidus sp.
USMAA1020.
The crystallinity degree of the copolymers P(3HB-co-4HB) with the content of the 4HB ranging from 8.7 to 16 mol % amounted to 43-44 % which corresponds to the results of other authors (Doi et al., 1990; Nakamura et al., 1992; Tsuge, 2002) . Thus, Mitomo et al. (2001) has demonstrated that the crystallinity degree of the copolymer with the 4HB content of 19, 38
and 65 mol % amounted for 40, 18 and 27 %, correspondingly. The authors have assumed that the crystallinity degree of the copolymer is minimum when the 4HB content is 40-50 mol % (Mitomo et al., 2001) . Nevertheless, according to the data of the other authors the minimum crystallinity degree of 17-18 % has been determined for the polymers with the 4HB content of 78-82 mol % (Saito, Doi, 1994) .
There is uncertainty of the obtained data in the literature for the melting temperature of the P(3HB-co-4HB) samples. According to the data of some authors the melting temperature of the samples with 4HB content of 7 mol %, 11 mol % and 15 mol % amounted to 173, 169 and 160.8ºС correspondingly (Kunioka et al., 1989; Doi, 1990; Rao et al., 2010) , when in the other papers the melting temperature of the samples with the similar amount of 4HB is considerably lower: 114ºС and 131.5ºС (Xie, Chen, 2008; Li et al., 2010) . In our work the melting temperature for the set of P(3HB-co-4HB) samples amounted to 168-171.9 °C. The gap between the melting temperature and the temperature of thermal degradation for the set of the studied samples made 95.1-115ºC. We have not found any references regarding the temperature of thermal degradation of P(3HB-
co-4HB).
Thus, P(3HB-co-4HB) was produced by R.
eutropha B5786 and C. eutrophus В10646 under autotrophic and heterotrophic conditions using γ-butyrolactone as source of 4HB. It was shown that C. eutrophus В10646 possesses the increased sustainability to the γ-butyrolactone influence.
The fulfilled mode of growing of C. eutrophus В10646 allowed to obtain good results in the biomass production (to 7-8 g/L of 72 hours of cultivation) with the yield of copolymer up to 80-90 % of DCW and the content of 4HB monomer in it to 17 mol %). A set of highly purified samples of P(3HB-co-4HB) with different content of 4HB was produced and their physicochemical properties were studied.
